
 PNNL-28478 
 

 

 

 

 

 

 

 

 
 

 

 

Snohomish Public Utility District 
MESA 2 
An Assessment of Battery Technical Performance 

March 2019  

A Crawford   D Wu 

V Viswanathan   C. Vartanian 

J Alam   K Mongird 

P Balducci 



 

 

 



PNNL-28478 

 

 
 
 
 
 
 
 
 
 
 

Snohomish Public Utility District MESA 2  
 

An Assessment of Flow Battery Energy Storage System Technical Performance 

 

 

 

 

A Crawford D Wu 

V Viswanathan C Vartanian 

J Alam K Mongird 

P Balducci 

 

 

 

 

 

 

 

March 2019 

 

 

 

 

Prepared for 

the U.S. Department of Energy 

under Contract DE-AC05-76RL01830 

 

 

 

 

Pacific Northwest National Laboratory 

Richland, Washington 99352 





 

iii  

Executive Summary 

Energy storage integration into the U.S. electrical transmission grid has been gathering momentum, 

especially with the increasing penetration of power generated by renewable resources. Several states  

have storage procurement targets to deal with a variety of issues such as afternoon ramping requirements, 

frequency regulation/control, utility grid support, and time shifting of renewable energy generation. In 

this work, we investigated the technical attributes of energy storage to provide benefits to stakeholders, 

comprised of multiple utilities and their customers. The work was funded jointly by the Washington 

Clean Energy Fund (CEF) and the U.S. Department of Energy Office of Electricity Delivery and Energy 

Reliability (DOE-OE). 

Motivation for this W ork  

As part of Washington CEF 1, a $4.4 million grid modernization grant was awarded to the Snohomish 

Public Utility District (SnoPUD) to purchase and evaluate a Flow Battery Energy Storage System 

(FBESS) named the Modular Energy Storage Architecture (MESA) 2 by SnoPUD. The grant supported 

exploration of energy storage applications and associated benefits for the following use-cases:  

¶ Energy Shifting 

¶ Provide Grid Flexibility 

¶ Improve Distribution Systems Efficiency. 

These use-cases or services were identified as applicable for MESA 2 and were defined based on utility- 

and site-specific characteristics. Because flow battery energy storage systems (FBESS) are quite diverse 

in their characteristics, it was important to first characterize performance over time using a DOE-OE 

standardized baseline test procedure for energy storage. The DOE-OE procedure includes representative 

generic duty cycle profiles, test procedure guidance, and calculation guidance for determining key FBESS 

characteristics, including energy capacity, response time, internal resistance, and efficiency. Normalizing 

FBESS performance to this standardized baseline also facilitates evaluation of FBESS against other 

electro-chemistries evaluated for similar use-cases. After conducting baseline tests to evaluate the 

FBESSôs general characteristics, we tested the FBESS for the three energy storage use-cases listed above. 

During testing, we collected data to evaluate key FBESS performance metrics relative to the use-cases. 

Outcomes of these analyses will be beneficial to SnoPUD in terms of understanding how to operate 

MESA 2 but will also be beneficial to industry in terms of enhancing our understanding of the 

performance of FBESSs. 

Summary of Work Performed  

This report documents the results of our study of the technical performance of the 2.2 MW, 8 MWh 

MESA 2 advanced vanadium FBESS, consisting of four 0.55-MW, 2-MWh strings. System performance 

was based on a number of baseline and use-case tests. The FBESS is located at the SnoPUD-owned 

substation located in Everett, Washington. The FBESS was procured by SnoPUD with matching funds 

provided by the Washington CEF.  

Baseline tests were intended to assess the general technical capability of the FBESS (e.g., stored energy 

capacity, ramp rate performance, ability to track varying charge/discharge commands, direct current [DC] 

battery internal resistance, etc.). Use-case tests were utilized to examine the FBESS performance while 

engaged in specific grid services (e.g., arbitrage, power factor correction, etc.). The project measured 
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and/or calculated parameters that are important for understanding FBESS performance when subjected to 

actual field operation for achieving economic benefits, such as round-trip efficiency (RTE)1 with and 

without rest, with and without auxiliary loads, auxiliary power consumption, signal command tracking, 

temperature trends during operation, parasitic power loss unaccounted by auxiliary load during rest, and 

state of charge (SOC) excursions. We used recorded test results to analyze these baseline and use-case 

parameters. Because the assessment methodology would be the same, the results and lessons presented in 

this report also could be beneficially applied to any assessment of FBESSs based on technical 

specifications and/or field deployment results. The performance assessment methodology developed and 

used for this report generalizes to additional FBESS chemistries. 

Key Questions Addressed  

We based our analysis of FBESS performance on metrics developed using the DOE-OE Energy Storage 

Performance Protocol and additional metrics identified in this project. In combination, these general and 

project-specific metrics allowed structured evaluation of questions that are key for ultimately determining 

the cost effectiveness of FBESSs used for grid energy storage applications. 

The following questions were addressed: 

1. How does the FBESS perform during baseline and use-case testing for various duty cycles? For 

example, what is the RTE of the FBESS?  

2. How does the FBESS perform for high ramp rate duty cycles? For example, what is the FBESS 

response time and ramp rate? 

3. What percent of time was the FBESS not available?  

4. What are some of the issues identified in this project that are not very obvious? 

Key Outcomes  

The MESA 2 FBESS was subjected to reference performance tests (RPT), including measurements of 

energy capacity at various rates of charge and discharge, ability to track volatile signals, internal 

resistance, and response time/ramp rate. The RPTs conducted before use-case testing are referred to as 

baseline tests in this report. 

In addition, duty cycles were developed for various use-cases to be performed for this project, and FBESS 

use-case performance was tested and analyzed accordingly. The following sections summarize key 

outcomes for both baseline and use-case performance testing. 

Outcome 1  

Outcome 1 revealed findings related to discharge capacity and RTE. The FBESS SOC was allowed to go 

as high as the battery management system would allow, while the discharge time was estimated to ensure 

the entire constant power region was included. 

1. Discharge energy varied non-linearly with SOC due to the sloping nature of the open circuit voltage 

as f(SOC) and coupled mass transport-kinetics related losses at low SOCs. 

                                                      
1 The RTE is simply the ratio of discharge energy to charge energy, ensuring the FBESS SOC is brought back to the 

initial state of charge. 
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2. The energy provided was normalized for four strings because all four strings were rarely available at 

one time. 

 Discharge Energy Capacity  

The range of discharge energy capacity for all RPTs and C-rates ranged from 3435 to 6345 kWh.  

RPTs were done at various discharge rates at a fixed charge rate of 1200 kW and at various charge rates at 

a fixed discharge rate of 1150 kW. The range of discharge energy capacity for all tested cycles at constant 

discharge power and C-rates ranged from 3080 to 5545 kWh. The discharge energy capacity did not 

change much as the charge power was varied. 

 Round -Trip Efficiency  

Inclusive of all loss sources, the range of RTEôs (with and without auxiliary consumption) for all tests 

performed was 33 to 75%. 

For baseline reference performance capacity tests, RTE was 54 to 63%, increasing to 68 to 75% when 

auxiliary consumption was excluded. As expected, the gain in RTE when auxiliary consumption was 

excluded was greater at lower power levels. The RTE for baseline reference performance frequency 

regulation test was in the 48 to 52% range, increasing to 55 to 60% when auxiliary consumption was 

excluded. 

The RTE varied from 33 to 54% for the various use-cases. The high rest percentages and low power 

levels lowered the RTE because auxiliary consumption was a higher percentage of total charge and 

discharge energy. Excluding auxiliary consumption, the RTE increased as power decreased to ~300 kW 

average power, below which the power conversion system (PCS) efficiency dropped, thus lowering the 

RTE. As expected, the increase in RTE when auxiliary consumption was excluded peaked when power 

levels were low and rest periods were high. The DC-DC RTE peaked at lower power levels compared to 

the alternating current (AC)-AC RTE because PCS efficiency declines significantly at low power levels 

for the latter. 

Figure ES.1 shows charge/discharge energies and RTEs results from the baseline tests. 
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Figure ES.1.  Baseline Performance Test for Energy Capacity ï Charge, Discharge Energy, and RTE at 

Various Power Levels 

The RTE for volatile signals such as frequency regulation was in the 48 to 52% range at an average power 

of 1,200 kW for RPT, while the regulation services RTE was around 50% at an average power of 

450 kW. The low power levels used for regulation services compared to RPT led to the SOC remaining 

above 60%, contributing to higher RTE, balanced by higher auxiliary and PCS losses at lower power level 

contributing to lower RTE. Figure ES.2 shows the frequency regulation duty cycle for the baseline tests. 
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The charge, discharge energy and RTE is shown in Figure ES.2 for the Reference Performance Test.  

 

Figure ES.2.  Reference Performance Test for Frequency Regulation 

Outcome 2  

Outcome 2 reports findings related to response time and internal resistance. 

 Response Time  

The response time of the FBESS ranged from 2 to 4 seconds for the range of test cycles performed. 

The response time of the FBESS hardware was 2 to 4 seconds, corresponding to ramp rates of 25 to  

50% of rated power per second. This included a communication lag of <1 second and a hardware lag of  

<1 second. Note that only two strings were active during this test. 

 FBESS Internal Resistance  

The FBESS charge and discharge resistance, corrected for four strings, was in a tight range of 0.04 to  

0.05 ohms in the SOC range investigated, with the outlier being 0.1 ohms at 12% SOC during charge. 

This also corresponds to a low ramp rate of 500 kW/s, possibly because the battery management system 

restricted ramp rates due to higher resistance at low SOCs. The in situ resistance for all strings 

(normalized to the four-string value) is shown to be in line with the results for the RPT. In general, the 

charge and discharge resistance increase slightly when the SOC is less than 40%. Overall, there is no 

trend with increasing test duration. 
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Outcome 3  

Outcome 3 reports findings on system availability. 

Using the power available tag from the system, the aggregate availability of the FBESS over the test 

period (defined as when the available power was non-zero) was 74%. However, 55% of the test days were 

lost for various reasons, so this tag overstates system availability. 

The total test duration was 173 days, out of which 78 days (45%) were lost for various reasons. Fifty days 

(29%) of the test duration was lost due to string-related issues, which include stack SOC mismatch, stack 

leak, and PCS disconnection. While PCS disconnection is arguably an independent issue, for these tests, 

PCS disconnections mainly were due to string-related issues. For example, leakage of electrolyte 

compromised PCS electronics for String 1. Pump-related issues contributed to 10 lost days or 6% of the 

test duration. Miscellaneous, communications, maintenance, and human intervention issues contributed to 

7, 6, 3, and 2 days, respectively, or 4, 3, 2, and 1%. Note that string-related issues contributed to 64% of 

the 78 days lost followed by pump-related issues at 13% of the lost days. Details are shown in 

Figure ES.3. There were a total of 38 work stoppages, out of which string-related stoppages accounted for 

63%, which is in line with the contribution towards the percentage of days lost. It is important to note that 

PNNL was unable to complete the entire test program because the FBESS experienced operational failure 

and was taken offline. 

 

Figure ES.3.  Contribution to Lost Time from Various Categories 

Outcome 4  

Outcome 4 includes findings for issues that surfaced during testing that were outside of specific structured 

objectives (e.g., testing to measure and report RTEs). 

Issues identified during testing that were neither obvious nor necessarily anticipated leading up to testing 

are described in detail in Appendix A and briefly described below. 

1. The data tag list provided by SnoPUD had several duplicate tags. 
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2. Auxiliary power consumption was not monitored because this tag was not part of the MESA tag list 

for FBESS (Sun Spec 2017). Auxiliary consumption for each string or for the FBESS cannot be 

determined separately. It was calculated by the difference between feeder meter power and the sum of 

all four PCS power levels. This difference also includes one-way transformer losses that were not 

available. 

3. Power distribution among strings depended on the deviation of the string SOC from the FBESS SOC. 

It is hypothesized that discharge power is limited primarily by string minimum SOC, and charge 

power is limited primarily by string maximum SOC. 

4. Available power did not reliably decrease when a string dropped out during discharge. The available 

power was reduced by 550 kW (one string) only when the string SOC reached zero or when a 

subsequent charge command was issued and the string could not accept charge. 

5. During discharge and charge, available power simply depended on the number of active strings. 

During rest, when a string was subjected to pulse charge to maintain its SOC above a critical level, 

the available power decreased by the amount corresponding to the pulse charge. 

6. Charging was endothermic, with a decrease in temperature occurring during charging. 

7. Auxiliary energy consumption increased with increasing temperature and was less for charge 

compared to discharge at the same power levels. Considering charging is endothermic, this is a 

surprising outcome. A possible explanation is that when charging, the electrolyte flow rate per unit 

power is higher. 

8. Thermal management consisted of cooling load based on positive deviation from a set point of 35°C 

for extended operation or 40°C in each string.  
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1.0 Introduction 

Pacific Northwest National Laboratory (PNNL) was chosen to provide analytical support under the Use-

Case Analysis Project. This project is designed to facilitate efforts to integrate flow battery energy storage 

systems (FBESS) into the electrical grid by providing a framework for evaluating the technical and 

financial benefits of the energy storage system (ESS) and exploring the role of energy storage in 

delivering value to utilities and the citizens they serve. This framework and the tools used to implement it 

will evaluate a number of use-cases as applied to energy storage projects deployed by the participating 

utilities under the Clean Energy Fund (CEF) Program. The methodologies that emerge from this project 

for evaluating multiple storage benefits, and the detailed operational results from utility operation of 

energy storage, will have broad national relevance and applicability. There are three main components 

related to use-case testing and evaluation, as outlined in Figure 1. 

  

Figure 1.  Main Components of the Use-Case Analysis Project 

This report documents baseline and use-case technical performance of the Snohomish Public Utility 

District (SnoPUD) Modular Energy Storage Architecture 2 (MESA 2) FBESS, based on the framework 

and approaches defined by PNNL in the test plan report, and lessons learned during execution of the 

project. The technical support provided by PNNL included: 

1. Develop protocols and duty cycles to test the ability of the FBESS to safely and effectively be used 

for the projectôs tested use-cases.  

2. Identify performance metrics (e.g., ramp rate, round-trip efficiency [RTE], internal resistance) to be 

evaluated.  

3. Analyze test results against a predefined set of performance metrics to determine the effectiveness of 

storage for each use-case.  

4. Conduct baseline testing using cycles intended to quantify basic FBESS characteristics, including 

power and energy capacities, ramp rate/response time and internal resistance. Reference 

performance tests (RPT) for this projectôs FBESS used several duty cycles defined and described in 

the U.S. Department of Energy (DOE) Energy Storage Protocol and were performed at the beginning 

of the project (baseline tests). Because of string failure, the RPTs could not be repeated after use-

case testing. 

5. This project designed and tested three use-cases. These use-cases combined several energy storage 

applications as follows: 

¶ Use-Case 1 ï Energy shifting consists of energy arbitrage and system capacity. 

¶ Use-Case 2 ï Providing grid flexibility consists of regulation, load following, and real-world 

flexibility.  

Use Case Test 
Support

Technical 
Performance 

Analysis

Economic 
Evaluation

Use Case Analysis Project 



 

2 

¶ Use-Case 3 ï Outage management of critical loads, consists of Volt/VAR control with local 

and/or remote information and load shaping. 

¶ Use-Case 7 ï Optimal utilization of the FBESS across Use-Cases 1 through 3. This use-case 

could not be conducted as testing was stopped due to string failure. 

These use-cases were selected from the full set being evaluated across several CEF battery energy 

storage projects (including FBESS and other technologies such as Li -ion batteries). Information in 

Table 1 describes the full range of use-cases under investigation and the ones that are relevant to this 

project. 

Table 1.  Use-Cases for CEF Projects 

 

This project developed the composite cycle profiles and used these for testing the projectôs FBESS for the 

chosen use-case scenarios. The duty cycles and associated test results are described and discussed in the 

body of the report. 

As the baseline and use-case tests were conducted, PNNL analyzed test results against a predefined set of 

performance metrics such as ramp rate, RTE, and internal resistance to determine the effectiveness of 

storage for each use-case.  

Understanding the technical features and limitations is essential and provides much of the input data used 

to perform the economic evaluation of the use-cases to which a FBESS is subjected. Therefore, technical 

information on the MESA 2 FBESS is provided in the following section. 
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2.0 MESA 2 Battery 

2.1 Battery Energy Storage System Layout 

The projectôs 2.2-MW, 8-MWh vanadium redox FBESS consists of four strings, each rated at 0.55 MW 

and 2 MWh (see Figure 2). Vanadium redox is the safest chemistry used in batteries (SnoPUD Undated). 

The stack consists of only a small percentage of the total electrolyte content (ESA 2019). Hence, short 

circuit conditions do not result in thermal runaway. The amount of hydrochloric and sulfuric acid needed 

is less than 10%, which is a factor of 3 lower than that used in lead acid batteries. Each battery container 

has three 50 kW stacks connected in series. 

 

Figure 2.  MESA 2 2-MW, 8-MWh FBESS 

Each string consists of five containers, with four battery containers housing the stacks and electrolyte and 

the fifth container housing the power conversion system (PCS) and associated controls. The strings are 

connected in parallel at the PCS level to the grid. 

The arrangement of the four strings is also shown in Figure 3. Each string is labeled FBESS-1, -2, -3, and 

-4. Each string is connected to the direct current (DC) side of the bi-directional power inverter by a DC 

disconnect switch rated at 1000 volt (V) DC and 1,200 amperes (A) and a motorized DC circuit breaker 

rated at 1,000 V DC and 1,200 A. Each string is connected to the 15 k VAC grid via bolted pressure 

switches rated at 1,600 A and a Cooper Power 750 kVA 15,000YG/283Y transformer T1-X (X=1-4). 

Note that for this project, the overcurrent protection function of the bolted pressure switches was not used.  
















































































































